Intracoronary pressure-derived fractional flow reserve (FFR) provides physiologically relevant information in determining the functional significance of a coronary stenosis, but provides no data regarding CBF. 6, 11, 12 An FFR-guided approach for revascularization is associated with improved clinical outcomes in multivessel CAD, 6 and abnormal values with this technique clearly identify a higher risk subgroup of patients. Although they do not seem to benefit from Background-Real-time myocardial contrast echocardiography (RTMCE) directly measures capillary flow (CBF), which in turn is a major regulator of coronary flow and resistance during demand or hyperemic stress. Although fractional flow reserve (FFR) was developed to assess the physiological relevance of an epicardial stenosis, it assumes maximal microvascular vasodilation and minimal resistance during vasodilator stress. Therefore, we sought to determine the relationship between CBF assessed with RTMCE during stress echocardiography and FFR in intermediate coronary lesions. Methods and Results-Sixty-seven vessels with 50% to 80% diameter stenoses by quantitative coronary angiography in 58 consecutive patients were examined with FFR and RTMCE (mean age, 60±13 years). RTMCE was performed using an incremental dobutamine (n=32) or exercise (n=26) stress protocol, and myocardial perfusion was assessed using a continuous infusion of ultrasound contrast. The presence or absence of inducible perfusion defects and wall motion abnormalities were correlated with FFR. Mean percent diameter stenosis was 60±9%. Eighteen stenoses (27%) had an FFR ≤ 0.8. Although 17 of the 18 stenoses that were FFR+ had abnormal CBF during RTMCE, 28 of the 49 stenoses (57%) that were FFR had abnormal CBF, and 24 (49%) had abnormal wall motion in the corresponding coronary artery territory during stress echocardiography. Conclusions-In a significant percentage of intermediate stenoses with normal FFR values, CBF during demand stress is reduced, resulting in myocardial ischemia. (Circ Cardiovasc Imaging. 2016;9:e004129.
M aximal hyperemic coronary flow begins to decrease as stenosis severity exceeds 50% in diameter. 1 At this point, a coronary stenosis is considered functionally significant. Although one might assume that the regulation of hyperemic coronary flow in this setting is primarily controlled by stenosis, it is also regulated by microvascular and capillary resistance. [2] [3] [4] Detection of functionally significant coronary artery disease (CAD) has become increasingly important, as large clinical trials have demonstrated outcome (death, nonfatal myocardial infarction, and need for urgent revascularization) is related to functional significance of a stenosis and not anatomic appearance. 5, 6 However, detecting functional significance requires a technique that can accurately examine and quantify the mediators of coronary flow during stress. Real-time myocardial contrast echocardiography (RTMCE) is a technique that utilizes ultrasound contrast for the simultaneous analysis of myocardial perfusion and wall motion (WM) during stress echocardiography. 7, 8 This perfusion technique measures capillary blood flow (CBF) and volume, and thus can indirectly assess capillary microvascular resistance. 2, 3 Previous studies have shown that the detection of CBF abnormalities identified with RTMCE during stress echocardiography improve the ability of echocardiography to predict patient outcome during both demand and vasodilator stress. 9, 10 Comparing Stress Perfusion Imaging With FFR percutaneous coronary interventions, patients with normal values for FFR (>0.8) in these studies still had relatively high event rates, 6 with death and nonfatal myocardial infarction rates of ≈2% at <1-year follow up and 4% requiring revascularization. These event rates are worse than those observed after negative RTMCE stress studies. 9, 10 With noncritical coronary stenoses during hyperemic stress, capillary resistance has been shown to play a greater role than stenosis resistance in regulating coronary blood flow. 2 Because RTMCE can visualize abnormalities in capillary resistance as perfusion defects during hyperemic stress, 3 we hypothesized that these perfusion abnormalities may be observed in patients during stress imaging despite having FFR values that would still be considered normal. The purpose of this project was to determine the frequency with which FFR and demand stress measurements of myocardial blood flow and function are discrepant in a selected group of patients with intermediate coronary stenoses at quantitative coronary angiography (QCA).
Methods

Study Population
The University of Nebraska Medical Center Institutional Review Board approved this retrospective study (IRB493-15-FB) and informed consent was waived. Fifty-eight consecutive patients who underwent both stress RTMCE and coronary angiography with FFR measurement within 1 month at the University of Nebraska Medical Center from Jan 2007 to June 2015 were analyzed. All patients were referred first for an exercise or dobutamine stress RTMCE for suspicion of significant CAD based on the patient's symptoms. The decision to proceed to angiography was based on both symptoms and the results of the RTMCE study. Subsequent angiograms all had to have one 50% to 80% stenosis in a major epicardial artery as determined by QCA. Exclusion criteria included those with known hypersensitivity to contrast agents, pregnancy or breast feeding, or inadequate apical windows to analyze myocardial perfusion in 2 contiguous segments of the selected coronary artery territory. We reviewed all clinically available records to ensure that patients with prior myocardial infarction based on cardiac biomarker criteria were excluded and excluded any coronary artery territory that had a resting WM abnormality detected during the resting contrast infusion.
Quantitative Coronary Angiography and FFR
Coronary angiography was performed as per standard practice via either femoral or radial approach. The pressure wire (Pressure Wire 5; Radi Medical Systems, Uppsala, Sweden) was calibrated and electronically equalized with the aortic pressure before being placed in the distal third of the coronary artery being interrogated. Intracoronary nitroglycerin (100 μg) was injected before adenosine infusion to prevent vasospasm. Intravenous adenosine was administered (140 μg/kg per minute) through an intravenous line in the antecubital fossa. At steadystate hyperemia, FFR was recorded on the RadiAnalyzer Xpress (Radi Medical Systems), calculated by dividing the mean coronary pressure measured with the pressure sensor placed distal to the stenosis by the mean aortic pressure measured through the guide catheter. This procedure was repeated for all major epicardial arteries with ≥50% stenoses. An FFR value of ≤0.8 was chosen as the cut off for abnormal based on previous multicenter studies. 5 Caffeine and all food products were held in patients for 12 hours before FFR measurements.
Quantitative Coronary Angiography
Quantitative coronary analysis was performed by an experienced interventional cardiologist (E.O. or D.B.) unaware of the results of the stress echocardiogram. Any visually evident stenosis was measured using a handheld electronic caliper (Tesa SA, Renes, Switzerland) operated with custom-developed software. Measurements were expressed as the percentage diameter narrowing using the diameter of the nearest normal-appearing region as the reference. An intermediate coronary stenosis for this study was defined as ≥50% to 80% luminal diameter stenosis in one major coronary artery or one of its major epicardial branches, which were the majority of stenoses studied by FAME II investigators. 6
Imaging Techniques With Ultrasound Contrast
The contrast agent used for the study was the commercially available lipid-encapsulated microbubble, Definity (Lantheus Medical Imaging, North Billerica, MA). This agent was administered as a 3% intravenous continuous infusion at 4 to 6 mL/min under resting conditions and during stress, with the infusion beginning 1 minute before acquisition of stress images. RTMCE was performed using ultrasound scanners equipped with low mechanical index real-time pulse sequence schemes. [8] [9] [10] [11] [12] [13] This utilized a mechanical index of <0.2, frame rates of 20 to 25 H, time gain compensation higher in the near field, focus at the mitral valve plane or below, and overall gain settings adjusted so that brief high mechanical index impulses uniformly clear the myocardial segments of any signals.
The decision to perform dobutamine or exercise treadmill stress echocardiography was made by the referring physician based on patient's ability to exercise. In either case, patients were instructed to discontinue β-blocker drugs 24 hours before the stress test. Patients undergoing treadmill stress underwent maximal symptom-limited exercise according to the Bruce protocol. Patients undergoing dobutamine stress echocardiography received intravenous dobutamine at a starting dose of 5 μ/kg per minute, followed by increasing doses of 10, 20, 30, 40, up to a maximal dose of 50 μ/kg per minute, in 3-to 5-minute stages. Atropine (up to 2.0 mg) was injected in patients not achieving 85% of the predicted maximal heart rate. Only coronary artery territories with inducible defects but normal resting WM and CBF were used for comparisons with FFR measurements.
CBF Analysis With RTMCE
All RTMCE studies were analyzed by independent experienced reviewers (T.R.P. or F.X.) who were blinded to angiographic and FFR data. These experienced reviewers have interpreted over 1000 RTMCE studies. Perfusion and WM were both assessed using a 17-segment model with coronary artery territory assignments based on this same consensus model. 13 Both CBF and WM were analyzed simultaneously during the replenishment phase of contrast after brief high mechanical index impulses, as previously described, 9, 10 at baseline and at peak stress (defined as >85% of predicted maximum heart rate). A CBF abnormality during stress imaging was defined as a delay in subendocardial or transmural myocardial contrast replenishment of >2 seconds after a high mechanical index impulse that was in 2 contiguous segments, and which exhibited normal replenishment under resting conditions.
Statistical Analysis
All values for FFR and stenosis severity are presented as mean±SD. No adjustments were made for multiple vessels within individuals in the per-vessel analysis. Sensitivity and specificity of CBF analysis with RTMCE were analyzed for detecting stenoses with FFR values of ≤0.8. Differences in stenosis severity between vessels with abnormal versus normal FFR values were compared with unpaired t testing. Contingency tables were constructed to determine if the proportion of times an abnormal FFR study was associated with an abnormal RTMCE study was significantly different than the proportion of times a normal FFR study was associated with a normal RTMCE study. A Fisher exact test was used for this comparison. In all comparisons, a P<0.05 was considered significant.
Results
A total of 67 vessels in 58 patients with 1 stenosis defined by quantitative angiography to be 50% to 80% diameter were evaluated (mean age, 60±13 years; 22 women). Patient characteristics are summarized in Table 1 .
Real-Time Myocardial Contrast Echocardiography
Of the 67 vessels with 50% to 80% diameter stenoses, 45 (67%) exhibited abnormal CBF in the subtended coronary artery territory with RTMCE. CBF abnormalities in multiple coronary artery territories were evident in 2 patients ( Table 2 ). Thirty-six of the 45 coronary artery territories with inducible perfusion defects (80%) also had inducible WM abnormalities (ischemia). Thirtyone territories involved the left descending artery, 9 involved left circumflex artery territories, and 5 involved the right coronary artery. Mean QCA-derived stenosis severity in the territories that were abnormal with RTMCE was 60±9%, whereas it was 59±9% in the territories that were negative with RTMCE (P=0.82).
Fractional Flow Reserve and Quantitative Angiography
FFR readings ranged from 0.55 to 1.00 (mean, 0.86±0.11). A total of 18 vessels (27%) had FFR values ≤0.8, 15 in the left anterior descending coronary artery, and 3 in the right coronary artery territories. Figure 1 demonstrates how percent diameter stenosis severity by quantitative angiography correlated with FFR results. Mean QCA stenosis severity in the territories that were positive with FFR was 63±10% and 58±8% in the territories that were negative with FFR, respectively (P=0.029).
RTMCE Versus FFR
Seventeen of the 18 vessels (93%) with abnormal FFR values had abnormal CBF (Table 3 ). However, in 28 vessels (57%), FFR was considered normal despite the presence of an induced perfusion defect in the territory (examples are shown in Figures 2 and 3 for the right coronary and left anterior descending territories, respectively). Inducible WM abnormalities (ischemia) were observed in 24 of these 28 territories.
The FFR values in the vessels with abnormal perfusion but normal WM (0.85±0.10) were not different from those with both abnormal perfusion and WM (0.84±0.12; P=0.71). In the FFR vessels that had values >0.80, there were no differences in FFR values for those with normal RTMCE studies versus abnormal RTMCE studies ( Figure 4 ). There was a significant difference in the proportion of times an abnormal FFR study was associated with an abnormal RTMCE study and the proportion of times a normal FFR study was associated with a normal RTMCE study (P=0.003, Fisher exact test).
Follow-up was possible in 26 of the 27 patients (total of 28 vessels) who had abnormal CBF with RTMCE but had negative FFR values at the time of the corresponding angiogram. Median duration of follow-up was 2 months (range, 1-16 months). One patient could not be reached by phone and medical records were unavailable. Sixteen patients (59%) still had Canadian Cardiovascular Functional Class II-III symptoms or had revascularization of the coronary artery because of compelling symptoms. Ten patients remained asymptomatic on medical therapy.
Discussion
This is the first study to examine the relationship between CBF assessments during demand stress in myocardial territories supplied by coronary arteries with exclusively intermediate stenoses (50%-80% by quantitative angiography) and a range of both normal and abnormal FFR values. It confirms that abnormal CBF during demand stress RTMCE not only has high sensitivity for detecting a significant pressure gradient across a coronary stenosis but also demonstrates that abnormal CBF and WM occur in a sizable percentage of cases where FFR of the supplying vessel is considered normal.
Previous studies have demonstrated the incremental diagnostic value of myocardial perfusion imaging over WM analysis during stress in both the detection of angiographic disease by angiography and in predicting patient outcome. 9, 10 These clinical studies have validated animal studies which demonstrated that CBF changes become visually evident with myocardial contrast echocardiography earlier in the stress test than WM. 14 During stress imaging, CBF, as measured by RTMCE, is a major regulator of coronary flow in the upstream circuit, which includes epicardial vessels, prearterioles and arterioles. Although intuitively one would think that epicardial stenosis is the primary location of coronary blood flow regulation during stress, it has actually been shown to be more related to the microvascular resistance at the capillary level when an intermediate stenosis is present. [2] [3] [4] Sen et al 15 demonstrated that in ranges of intermediate FFR values (0.6-0.9), microvascular resistance was more variable when compared with Instantaneous Wave-Free Ratio suggesting a variable response to adenosine by the arterioles or an inability to achieve true hyperemia in this setting. This variability has also been observed in studies comparing FFR to coronary flow reserve, where reductions in flow reserve occurred in instances where FFR values were normal. 4, 16 In these studies, low coronary flow with increased microvascular resistance was observed in vessels that had discordantly high or normal FFR values. Abnormalities in coronary blood flow reserve measured with transthoracic Doppler have been observed in patients with intermediate stenoses (5±65%) who had FFR values >0.8. 17 On the contrary, quantitative measurements of coronary blood flow reserve in patients have correlated closely with CBF changes, both in the presence or absence of intermediate epicardial stenoses. 18 Therefore, we hypothesize that in some instances where microvascular resistance is not minimized, or potentially increased, that FFR measurements may be falsely negative in patients with clinically relevant demand ischemia. This suggests that the distal pressure measured with FFR is influenced not only by the gradient across the epicardial stenosis but also by the resistance of the downstream vessels. Only with more severe forms of epicardial stenoses does FFR become less variable likely because of a more uniform resistance within the microvasculature. 2, 16 In our study, we did note that stenosis severity was worse in those with abnormal FFR values (Figure 1 ).
This may explain why an abnormal FFR value has been shown to identify patients at highest risk for events, 6, 11, 12 as it clearly identifies the most severe spectrum of obstructive lesions from a functional standpoint. However, a normal FFR value, when defined as >0.8, may underestimate the physiological and clinical relevance of anatomically less severe stenoses. As our study showed, there was even inducible ischemia (ie, WM abnormality) in the coronary artery territories subtended by vessels that had FFR values >0.8 and a 50% to 80% diameter stenosis by quantitative angiography. This failure of FFR to identify certain physiologically relevant intermediate coronary stenoses may explain the differences in clinical outcome observed in trials utilizing FFR to guide CAD management versus those utilizing RTMCE. The large multicenter studies examining FFR as a guide to management in patients with stable angina still had annual event rates of 3% in their normal registries, 6 which are significantly higher than the 1% annual event rates in similar patients after normal stress RTMCE studies. 9, 10 
Correlation With Other Comparative Studies
When examining noninvasive correlations with FFR, magnetic resonance imaging (MRI) utilizing first-pass bolus injections of gadolinium contrast have demonstrated excellent sensitivities and specificities for detecting vessels with FFR values < 0.75. 19 However, these studies included > over 40% of patients without angiographic CAD, as well as patients having coronary vessels in which there was a subtotal or total occlusion. Other adenosine magnetic resonance studies examining correlations of myocardial perfusion reserve with FFR exclusively in vessels that were >50% stenosed have demonstrated similar findings to the current study (93% sensitivity, 57% specificity in the study by Costa et al 20 ) . Chiribiri et al 21 did improve specificity for detection of abnormal FFR during adenosine MRI by examining for a visually evident transmural perfusion gradient, but this also included vessels with high grade stenoses or total occlusions. Despite adding these severely stenosed vessels, the positive predictive value of a visually evident subendocardial perfusion defect was still <80%. It is also important to emphasize that perfusion defects observed with RTMCE during demand stress reflect myocardial blood flow changes, whereas those seen with vasodilator stress MRI or Technesium-based radionuclide imaging reflect myocardial blood volume changes. Myocardial blood flow reductions are observed before myocardial blood volume changes in significant CAD, 3 and this difference in sensitivity may explain why FFR correlates slightly better with vasodilator stress MRI or Technesiumbased vasodilator stress.perfusion techniques.
Study Limitations
Our results represent a single-center retrospective study involving 58 patients having RTMCE before the catheterization procedure. If we treat the summary statistics in Figure 3 as population parameters for designing a new prospective study which starts with the basic conclusions from the current study, then a power calculation for the sample size of the current study using a 1-sided exact Fisher exact test would be over 0.90. However, with retrospective studies, selection bias may affect results, and therefore prospective studies are needed to test both the correlation of CBF with FFR in intermediate stenoses, and what impact an abnormal CBF finding during demand stress with normal FFR has on patient outcome.
The time period over which these studies were performed was long because of the slow increase in the use of FFR to examine intermediate stenosis at our institution. During this time period the use of FFR was primarily in those with no prior stress echocardiography data before their diagnostic angiogram. However, the purpose of the study was to determine the frequency with which an abnormal demand CBF study correlates with FFR measurements of physiological relevance in vessels with a 50% to 80% diameter stenosis, not to publish data on overall sensitivity and specificity of RTMCE in this setting. In this context, it is important to note that FFR was only measured in vessels which had an intermediate range of stenosis severity. Other studies comparing FFR with perfusion imaging techniques have included vessels with minimal or no disease in the vascular territory, 17 as well as vessels with more severe stenoses including coronary occlusions. This would naturally improve the agreement between techniques, but would not help us understand whether important clinically relevant disagreement exists in the evaluation of an intermediate stenosis.
Our study was performed to simulate real-world practice, where FFR is currently being utilized to evaluate and guide management in intermediate level stenoses. However, we did have a higher prevalence of diabetics and smokers when compared with other clinical trials, and these risk factors may increase the likelihood of stress-induced microvascular abnormalities. It is in this setting where equipoise is needed to consider the potential role of capillary contributions to coronary blood flow abnormalities when FFR is found to be >0.8.
Finally, although patients were held without food or water for 12 hours before the procedure, no specific policies were in place to restrict caffeine use for 24 hours before FFR measurements. It is possible that this led to higher FFR values. 22
Conclusions
Our findings confirm that abnormal CBF with RTMCE has high sensitivity for detecting an abnormal FFR of an intermediate stenosed vessel subtending the abnormal myocardial territory. A normal FFR value, however, has a low sensitivity in predicting normal CBF by RTMCE. This might reflect microvascular abnormalities which are a significant pathophysiologic mechanism by which myocardial ischemia is produced in patients with moderate epicardial stenoses.
An FFR-based strategy has been shown to be preferable to an invasive anatomic approach in deciding when lesions should be revascularized. By revascularizing only those atherosclerotic coronary arteries with FFR<0.8, a significant number of atherosclerotic lesions in the 50% to 80% diameter range have not been intervened on. 6 Our study demonstrates that relying on FFR alone in evaluating these intermediate level stenoses may require further consideration if the territories they subtend exhibit inducible ischemia or CBF abnormalities during demand stress. Figure 4 . Box Wistar plots comparing the normal fractional flow reserve values in the coronary artery territories that had normal real-time myocardial contrast echocardiography studies compared with those with abnormal real-time myocardial contrast echocardiography studies. The box contains the 25% to 75% percentiles; the bars contain the range of values. There were no significant differences between these groups (P=0.23).
